Several strains isolated from Cytisus villosus nodules have been characterized based on their diverse genetic, phenotypic and symbiotic characteristics. According to 16S rRNA gene sequence analysis, the isolates formed a group that was closely related to Bradyrhizobium canariense BTA-1 T with 99.4 % similarity. Analysis of three housekeeping genes, recA, atpD and glnII, suggested that the C. villosus strains represent a novel Bradyrhizobium species most closely related to B. canariense BTA-1 T with similarities of 94.2, 96.7 and 94.5 %, respectively. All these differences were congruent with DNA-DNA hybridization analysis, which revealed 31 % relatedness between a representative strain (CTAW11 T ) isolated from C. villosus nodules and B. canariense BTA-1 T . Phenotypic differences among the strains isolated from C. villosus and B. canariense were based on assimilation of carbon and nitrogen sources. The nodC and nifH genes of strain CTAW11
The genus Bradyrhizobium currently contains several species, most of which have been isolated from nodules of diverse legumes. However, two species [Bradyrhizobium betae (Rivas et al., 2004) and Bradyrhizobium iriomotense (Islam et al., 2008) , the name of which was recently validly published (Islam et al., 2010) ] were isolated from plant tumours.
In the present work, six strains isolated from effective nodules of Cytisus villosus growing in the Moroccan Rif were analysed by using molecular and phenotypic methods. Results showed that they should be classified as representatives of a novel Bradyrhizobium species.
The six strains were isolated from effective nodules of C. villosus on yeast-mannitol agar (YMA) after incubation for 7 days at 28 u C according to Vincent (1970) . Nodules were collected in the central-western region of the Moroccan Rif mountains (altitude of about 1600 m). All strains showed a slow growth rate and form mucoid Bradyrhizobium-like colonies.
Amplification and sequencing of the 16S rRNA gene were done using the two opposing primers 41f and 1488r described previously by Herrera-Cervera et al. (1999) . Partial sequences of atpD, recA and glnII genes were obtained using the primers described by Vinuesa et al.
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On: Fri, 11 Jan 2019 04:34:47 (2005b). The sequences obtained were compared with those from GenBank using the programs BLASTN (Altschul et al., 1990) and EzTaxon (Chun et al., 2007) (16S rRNA gene). The sequences of the Cytisus isolates and all Bradyrhizobium species with validly published names were aligned using the software CLUSTAL W (Thompson et al., 1997) . Distances were calculated according to Kimura's two-parameter model (Kimura, 1980) . Phylogenetic trees were inferred using the neighbour-joining (NJ; Saitou & Nei, 1987) , maximum-parsimony (MP; Felsenstein, 1983) and maximum-likelihood (ML; Felsenstein, 1981) methods. The packages MEGA4.0 (Tamura et al., 2007) and PAUP* (Swofford, 2002) were used for all analyses. Bootstrap analysis was based on 1000 resamplings.
The NJ tree reconstructed from the Kimura's twoparameter distance matrix computed from the 16S rRNA gene alignment is shown in Fig. 1 . Similar results were obtained when sequences were analysed using the MP and ML methods (data not shown). All strains isolated from Cytisus villosus have identical 16S rRNA gene sequences and, therefore, only the type strain (CTAW11 T ) was included in the phylogenetic tree. Phylogenetic analysis showed that this strain clustered with several species of the genus Bradyrhizobium, Bradyrhizobium canariense BTA-1 T being the closest relative with 99.4 % similarity; similarities with the type strains of B. betae, Bradyrhizobium japonicum, Bradyrhizobium yuanmingense and Bradyrhizobium liaoningense were 99.03, 99.02, 99.02 and 99.0 %, respectively, when the CTAW11 T 16S rRNA gene sequence was compared against the EzTaxon database. Similarities with the remaining species of the genus Bradyrhizobium were lower than 99 %. Within this genus, two groups can be clearly separated based on 16S rRNA gene analysis, as reported previously (Menna et al., 2009) . Group I currently consists of B. japonicum, which is the type species of the genus, B. liaoningense, B. yuanmingense, B. betae, B. canariense, B. iriomotense and the newly proposed species B. cytisi. Group II encompasses Bradyrhizobium elkanii, Bradyrhizobium pachyrhizi and Bradyrhizobium jicamae (Fig. 1) . The distances between groups I and II are much higher than those found internally in both groups. Many species of group I have 16S rRNA gene similarities close to 99 % and, thus, this gene is insufficient for species delineation within this group. Under these circumstances, analysis of protein-coding gene sequences can provide higher resolution than the 16S rRNA gene and can complement the sequencing of this gene, as well as DNA-DNA hybridization, in taxonomic studies at the species level (Tindall et al., 2010) .
In the case of the genus Bradyrhizobium, analysis of housekeeping genes is useful to differentiate between closely related species and to select species for DNA-DNA hybridization experiments (Vinuesa et al., 2005a, b; Ramírez-Bahena et al., 2009; Rivas et al., 2009) . The recA, atpD and glnII genes have been proposed for species and genospecies delineation within Bradyrhizobium and were included in the description of B. canariense (Vinuesa et al., 2005a) . Since this species is most closely related to the Cytisus isolates, these genes were analysed in our strains; sequences that were not available, i.e. the recA genes of B. pachyrhizi PAC48 T and B. jicamae PAC68 T and the glnII gene for B. canariense MCLA07 (accession nos HM590777, HM590776 and HM749786, respectively), were also obtained in this study. Phylogenetic analysis of the concatenated recA, glnII and atpD genes gave similar results in the NJ, MP and ML trees (NJ tree is shown in Fig. 2 ). The novel isolates were more closely related to B. canariense than to other species of the genus Bradyrhizobium, but occupied a clearly separate branch. recA and atpD gene sequence similarities between the novel strains were higher than 98.9 and 99.7 %, respectively, and 100 % similarity was observed for the glnII gene (see Supplementary Table S1 , available in IJSEM Online). In the case of the recA gene, strain CTAW11
T showed 94.4 % similarity to B. canariense BTA-1 T and similarities were .93 % for B. japonicum T showed 93.7 % similarity. Analysis of the atpD gene showed that the most closely related species with respect to strain CTAW11 T was also B. canariense BTA-1 T (96.7 % similarity) followed by B. japonicum USDA T and B. canariense BTA-1 T , the predicted proteins showed three amino acid differences in the sequenced fragment whereas, for example, only two differences were found between B. elkanii LMG 6134 T and B. japonicum USDA 6 T , which have very divergent 16S rRNA genes (see Supplementary Table S2 and Supplementary Figs S1, S2 and S3 available in IJSEM Online). More than three amino acid differences were found with respect to the remaining species of Bradyrhizobium in the case of strain CTAW11 T . For the predicted recA protein in the sequenced fragment, there were no differences between strain CTAW11 T and B. canariense BTA-1 T . Nevertheless, this result can be expected since only three amino acid differences were found between B. elkanii LMG 6134 T and B. japonicum USDA 6 T , which are phylogenetically distant species on the basis of 16S rRNA gene sequence analysis. At least two amino acid differences were found between CTAW11
T and the remaining type strains of Bradyrhizobium species. Finally, the predicted glnII proteins of CTAW11
T and B. canariense BTA-1 T presented five amino acid differences and more than five amino acid differences were found with respect to the remaining species of the genus Bradyrhizobium. Fewer differences, three amino acids, were found, for example, between B. iriomotense EK05 T and B. liaoningense LMG 18230 T or B. canariense BTA-1 T . Results from the predicted protein analysis confirm those from gene analysis showing that the Cytisus strains represent a novel species of the genus Bradyrhizobium. They also showed that B. canariense is the closest relative to the newly proposed species; however, as B. betae, B. japonicum, B. yuanmingense and B. liaoningense were also closely related to our isolates, all these species were included in DNA-DNA hybridization experiments.
To reveal sequence diversity, randomly amplified polymorphic DNA (RAPD) patterns of the strains were analysed according to Rivas et al. (2006) using primer M13 (59-GAGGGTGGCGGTTCT-39) . Three different RAPD patterns were obtained, thus demonstrating that the six novel strains formed a diverse population ( Supplementary Fig. S4 , available in IJSEM Online).
Two strains, CTAW11
T and CTAW38, that displayed different RAPD profiles were chosen for DNA-DNA hybridization, which was carried out according to Ezaki et al. (1989) , following the recommendations of Willems et al. (2001) . Strains CTAW11
T and CTAW38 were hybridized with two strains of B. canariense, which is the most closely related species to our isolates, the type strain BTA-1 T and strain MCLA07, which has been assigned to B. canariense based on analysis of several housekeeping genes Velázquez et al., 2010) . The type strains of other phylogenetically related species on the basis of 16S rRNA and housekeeping genes were also included in DNA-DNA hybridization experiments. As expected, DNA-DNA relatedness between B. cytisi strains was higher than 80 %. The mean relatedness values of B. cytisi CTAW11 T and CTAW38 with B. canariense BTA-1 T were 31 and 35 %, respectively, and 32 and 25 % with B. canariense MCLA07, (Table 1) . Relatedness values between all these species were lower than 70 % (Supplementary Table S3 , available in IJSEM Online), which is the threshold value of DNA-DNA relatedness for definition of bacterial species (Wayne et al., 1987) .
The G+C content of the DNA, which was prepared according to Chun & Goodfellow (1995) , was determined using the thermal denaturation method (Mandel & Marmur, 1968) . The G+C content of strain CTAW11 T was 65.1 mol%.
Phenotypic characterization was based on properties that are useful for differentiation of Bradyrhizobium species (Yao et al., 2002; Xu et al., 1995; Rivas et al., 2004; Vinuesa et al., 2005a; Ramírez-Bahena et al., 2009) . API 20NE galleries were inoculated according to the manufacturer's instructions. Assimilation of several compounds as carbon or nitrogen sources was analysed using YNB and YCB (Becton Dickinson) as basal media, respectively. The pH of the basal medium was adjusted with 1 M NaOH to pH 7 and 0.05 g bromothymol blue l 21 was added before sterilization by autoclaving. Carbon and nitrogen sources were sterilized by filtration using filters with a pore diameter of 0.22 mm (Millipore) and added to the sterilized basal media at concentrations of 0.7 and 0.1 %, respectively. Growth temperature range was determined by incubating cultures in YMA medium (Vincent, 1970) at 4, 15, 28, 37 and 45 u C. Growth pH range was determined in the same medium at final pH of 4, 6, 7, 8, 9 and 10. Salt tolerance was tested in the same medium containing 0.5, 1.0, 1.5, 2.0 and 2.5 % (w/v) NaCl. Natural antibiotic resistance was tested using the disc diffusion method on YMA medium (Vincent, 1970) . Discs contained the following antibiotics: ampicillin (2 mg), erythromycin (2 mg), ciprofloxacin (5 mg), penicillin (10 IU), polymyxin (300 IU), cloxacillin (1 mg), oxytetracycline (30 mg), gentamicin (10 mg), cefuroxime (30 mg), or neomycin (5 mg) (Becton Dickinson). The type strains of all known species of the genus Bradyrhizobium were included in the phenotypic study for reference. Phenotypic characteristics of the novel species are reported in the species description and differential characteristics with respect to the remaining species of Bradyrhizobium are recorded in Table 2 .
Although symbiotic genes do not offer taxonomic information because they are located in easily interchangeable elements (plasmids or symbiotic islands), their analysis provides valuable information for rhizobial species. For this reason, some nod and nif genes are commonly analysed in the descriptions of novel rhizobial species. The nifH and nodC genes harboured by strain CTAW11
T were amplified and sequenced as described previously (Laguerre et al., 2001) and the results of the phylogenetic analyses are shown in Supplementary Figs S5 and S6 (available in IJSEM Online). For the nifH gene ( Supplementary Fig. S5 ), the closest relative to strain CTAW11 T is B. canariense BTA-1 T , which nodulates Chamaecytisus proliferus in the Canary Islands (95.9 % similarity). The nodC gene of strain CTAW11 T showed highest similarity (around 96 %) with those of strains BLUH1 and BGA-1, which were isolated from Lupinus angustifolius and Teline stenopetala nodules, respectively, in the Canary Islands (Supplementary Fig.  S6 ). The nodC gene phylogenetic tree showed that the strains isolated from Cytisus, as expected, belong to bv. genistearum, which comprises strains of different species of Bradyrhizobium nodulating Genisteae.
Based on phenotypic and genotypic characteristics, it is proposed that the strains isolated from Cytisus villosus in this study represent a novel species named Bradyrhizobium cytisi sp. nov.
Description of Bradyrhizobium cytisi sp. nov.
Bradyrhizobium cytisi [cy.ti9si. L. masc. cytisus a kind of clover and also a scientific generic name (Cytisus); L. gen. n. cytisi of a kind of clover, of Cytisus, referring to the isolation source of this micro-organism, nodules of Cytisus villosus]. (23) 19 (23) *Reciprocal values are given in parentheses.
Bradyrhizobium cytisi sp. nov.
Gram-negative rods. Colonies are small and pearl white in YMA at 28 u C. Grows at pH 6-8 and 14-30 u C, with optimum growth at pH 6.8 and 28 u C. Growth is not observed at 4 or 37 u C. Does not grow in the presence of 0.25 % NaCl. Strictly aerobic, with slow growth in YMA medium, forming colonies less than 1 mm in diameter after 7 days incubation. Nitrate reduction is negative. Negative for arginine dihydrolase, b-galactosidase and urease production. Aesculin hydrolysis is weak. Assimilation of 
